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Abstract 

Vaccines  that  could  protect  humans  against  the  highly  lethal  Marburg  and  Ebola  viruses  have  eluded  scientists  for  decades.  Classical 
approaches  have  been  generally  unsuccessful  for  Marburg  and  Ebola  viruses  and  pose  enormous  safety  concerns  as  well.  Modern  approaches, 
in  particular  those  using  vector-based  approaches  have  met  with  success  in  nonhuman  primate  models  although  success  against  Ebola  has 
been  more  difficult  to  achieve  than  Marburg.  Despite  these  successes,  more  work  remains  to  be  done.  For  the  vector-based  vaccines,  safety  in 
humans  and  potency  in  the  face  of  pre-existing  anti-vector  immunity  may  be  critical  thresholds  for  licensure.  The  immunological  mechanism(s) 
by  which  these  vaccines  protect  has  not  yet  been  convincingly  determined.  Licensure  of  these  vaccines  for  natural  outbreaks  may  be  possible 
through  clinical  trials  although  this  will  be  very  difficult;  licensure  may  also  be  possible  by  pivotal  efficacy  studies  in  animal  models  with  an 
appropriate  challenge.  Nevertheless,  nonhuman  primate  studies  have  shown  that  protection  against  Marburg  and  Ebola  is  possible  and  there 
is  hope  that  one  day  a  vaccine  will  be  licensed  for  human  use. 
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1.  Introduction 

The  viruses  that  comprise  the  family  Filoviridae  cause 
some  of  the  most  lethal  viral  hemorrhagic  fevers  known. 
In  1967,  an  outbreak  in  Marburg,  Germany  occurred  among 
laboratory  personnel  that  handled  monkeys  or  tissues  subse¬ 
quently  determined  to  be  infected  with  a  small,  unidentified, 
and  negative-strand  RNA  virus  [1,2].  With  a  case-fatality  rate 
of  22%  and  an  unknown  route  of  transmission,  there  was 
considerable  concern  about  Marburg  virus  (MARV)  (now 
termed  Lake  Victoria  marburgvirus)',  however,  there  were 
only  a  limited  number  of  secondary  cases.  In  1976,  a  MARV- 
like  virus  emerged  in  two  nearly  simultaneous  outbreaks  in 
Africa  along  the  Ebola  River;  the  case-fatality  rates,  how¬ 
ever,  were  substantially  higher  (50-80%)  than  in  the  MARV 
outbreak.  Two  distinct  viruses  were  isolated  from  these  out¬ 
breaks,  Zaire  ebolavirus  (ZEBOV)  and  Sudan  ebolavirus 
(SEBOV),  their  names  based  on  the  locations  of  the  initial 
outbreaks  [3,4]. 

Since  1976,  there  have  been  sporadic  cases  and  outbreaks 
in  Africa  of  ZEBOV,  SEBOV,  and  MARV.  Two  other  strains 
of  Ebola  virus  have  been  identified,  Cote  d’Ivoire  (CIEBOV) 
and  Reston  (REBOV)  [5,6],  While  CIEBOV  and  REBOV  are 
highly  pathogenic  in  nonhuman  primates,  only  one  human 
case  of  CIEBOV  has  been  reported,  and  it  is  not  clear  whether 
REBOV  is  virulent  in  humans.  Until  recently,  ZEBOV  was 
thought  to  be  the  most  virulent  of  all  filoviruses,  with  case- 
fatality  rates  around  80%,  while  SEBOV  was  slightly  less 
pathogenic  with  case-fatality  rates  around  50%.  Recent  out¬ 
breaks  in  the  Congo  and  Angola  have  demonstrated  that 
MARV  strains  can  be  as  virulent  as  ZEBOV  [7,8]. 

The  number  of  cases  in  these  outbreaks  has  generally  been 
small  and  implementation  of  general  barrier-nursing  proce¬ 
dures  appears  to  bring  a  halt  to  these  outbreaks.  However, 
there  is  still  considerable  concern  about  these  viruses  and 
much  that  is  not  known.  No  licensed  vaccines  or  therapeu¬ 


tics  exist  that  can  offer  protection  against  these  viruses,  so 
they  can  only  be  handled  in  biosafety  level-4  (BSL-4)  lab¬ 
oratories.  Recent  data  suggest  bats  may  be  a  host  [9]  but 
even  if  bats  are  proven  to  be  the  sole  host  species  for  all 
filoviruses,  control  of  outbreaks  in  African  may  be  exceed¬ 
ingly  difficult.  Epidemics  among  chimpanzees  and  great  apes 
have  occurred,  with  potentially  catastrophic  effects  on  the 
populations  of  these  endangered  animals  [10-12].  In  the  last 
decade,  the  number  of  outbreaks  for  both  EBOV  and  MARV 
viruses  in  Africa  has  risen,  leading  to  concerns  that  it  is 
only  a  matter  of  time  before  cases  are  seen  in  a  developed 
nation.  Of  paramount  concern  are  the  assertions  that  the  for¬ 
mer  Soviet  Union  considered  using  filoviruses  as  offensive 
biological  weapons  and  may  have  weaponized  MARV  for 
aerosol  dissemination  [13]. 

The  high  mortality  rates  seen  with  filovirus  outbreaks 
and  the  knowledge  that  these  viruses  could  be  employed 
as  biological  weapons  are  the  primary  reasons  these  viruses 
are  listed  as  Category  A  Priority  Pathogens  by  the  National 
Institutes  of  Health  [14].  Licensed  vaccines  and  therapeutics 
that  can  protect  against  aerosol  exposure  to  either  MARV  or 
EBOV  are  needed  to  protect  against  this  threat. 


2.  The  Filoviridae 

The  genomes  of  all  filoviruses  are  composed  of  a  non- 
segmented,  negative  sense,  single-strand  RNA  approximately 
19-kb  long,  encoding  genes  for  NP  (major  nucleoprotein), 
VP35  (P-like  protein),  VP40  (matrix  protein),  GP  (gly¬ 
coprotein),  VP30  (minor  nucleoprotein),  and  VP24  and  L 
(RNA-dependent  RNA  polymerase).  The  known  transcribed 
open  reading  frames  of  the  viral  genes,  gene  order,  and  pre¬ 
sumptive  protein  functions  are  shown  in  Fig.  1 .  Expression 
of  VP40  in  combination  with  GP  is  sufficient  to  generate 
virus-like  particles  of  MARV  and  EBOV  that  resemble  infec- 
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Fig.  1.  Genome  of  Marburg  virus  and  expression  in  cells. 
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Fig.  2.  Genetic  divergence  among  different  strains  of  Marburg  virus. 


tious  vims  in  morphology  [15].  VP40  and  GP  share  sufficient 
homology  between  different  filoviruses  that  heterologous 
virus-like  particles  can  be  generated  which  express  the  VP40 
of  one  vims  and  the  GP  of  another  [16]. 

Differences  in  GP  tend  to  cluster  in  the  central  portion 
of  the  gene,  a  region  which,  when  translated  and  prote- 
olytically  processed,  becomes  the  highly  glycosylated,  distal 
portion  of  trimeric  GP  spikes  [17].  Significantly,  this  “vari¬ 
able”  region  of  GP  is  highly  immunogenic  as  determined 
in  part  by  monoclonal  antibodies  obtained  against  MARV 
and  EBOV  GP  [18-20].  GP  from  both  MARV  and  EBOV 
have  been  implicated  in  the  pathogenesis  of  these  infec¬ 
tions  including  an  increase  in  vascular  permeability  [17,21], 
Transcriptional  editing  of  GP  results  in  multiple  forms  of 
GP  including  two  transmembrane  forms  (GPi  and  GPi,2); 
although  all  filovirus-infected  cells  secrete  GP,  ZEBOV  pro¬ 
duces  an  additional  secreted  form  and  small  A  peptide  [22], 
The  role  of  secreted  GP  (particularly  the  unique  forms  pro¬ 
duced  by  ZEBOV)  is  unclear  at  this  time  although  it  has  been 
postulated  to  play  a  role  in  evasion  or  suppression  of  the 
immune  response. 

As  mentioned  above,  EBOV  are  divided  into  four  distinct 
species — ZEBOV,  SEBOV,  CIEBOV,  and  REBOV  that  are 
different  not  only  genetically  and  antigenically  but  also  in 
terms  of  pathogenesis  and  virulence.  All  ZEBOV  strains  to 
date  cause  lethal  disease  even  at  exceedingly  low  doses  in 
macaques;  the  virulence  of  SEBOV  in  NHP  is  strain  depen¬ 
dent  (Tom  Geisbert,  personal  communication).  REBOV  is 
highly  pathogenic  in  macaques  but  does  not  appear  to  cause 
disease  in  African  green  monkeys  or  humans  [6,23,24], 
CIEBOV  is  clearly  pathogenic  for  chimpanzees,  however, 
the  only  known  human  case  survived  exposure  leading  to 
speculation  that  it  is  less  virulent  than  ZEBOV  and  SEBOV 
[5,12,25].  CIEBOV  has  not  been  as  well  studied  experimen¬ 
tally  as  the  other  EBOV  species. 

Taxonomically,  MARV  is  considered  a  single  viral 
species;  however,  MARV  includes  a  constellation  of  viruses 
that  differ  genetically,  antigenically,  and  phenotypically.  The 


Russian  literature  centers  upon  an  isolate  called  Popp  [26]. 
Work  at  USAMRIID  has  focused  on  the  Musoke  [27],  Ravn 
[28],  and  Ci67  [1]  isolates.  Ci67  is  identical  to  Popp  in 
the  amino  acid  sequence  of  its  glycoprotein  (GP)  (L.  Lofts, 
A.  Schmaljohn,  personal  communication).  Both  Popp  and 
Ci67  arose  from  the  first  MARV  outbreak  in  Germany  and 
Yugoslavia  in  1967.  In  the  amino  acid  sequence  of  the  GP 
protein,  the  1967  viruses  differ  from  Musoke  by  7%  and 
from  the  most  divergent  isolate,  Ravn,  by  22%  (Fig.  2)  [28]. 
Ci67  grows  more  rapidly  in  vitro  and  forms  larger  plaques 
on  Vero  E6  cells  than  Musoke  or  Ravn.  More  importantly, 
Ci67  produces  an  almost  10-fold  higher  viral  burden  in 
naive  cynomolgus  macaques  at  the  late  stages  of  disease  (A. 
Schmaljohn,  unpublished  data).  The  more  recently  identified 
MARV  isolate  from  the  2005  Angola  outbreak  differs  from 
the  Popp  and  Musoke  strains  by  approximately  7%  [29]. 

3.  Human  disease 

In  humans,  MARV  and  EBOV  incubation  periods  range 
from  2  to  14  days.  Typical  presentation  is  an  acute,  unremark¬ 
able  febrile  illness  with  symptoms  including  chills,  headache, 
and  myalgia  [30].  Mental  confusion  or  changes  in  person¬ 
ality  have  been  reported,  particularly  with  MARV.  Nausea, 
vomiting,  abdominal  pain,  diarrhea,  sore  throat,  and  a  macu- 
lopapular  rash  have  been  reported  in  some  but  not  all  cases. 
Within  6-8  days  of  fever,  hemorrhagic  complications  can 
develop,  and  patients  develop  increasingly  severe  symptoms 
including  severe  weight  loss,  delirium,  shock,  liver  failure, 
massive  hemorrhaging,  and  multi-organ  dysfunction.  For 
ZEBOV,  clinical  signs  include  elevated  liver  enzymes,  pro¬ 
nounced  decreases  in  peripheral  blood  lymphocyte  counts, 
especially  CD8  T  cells,  and  elevations  in  inflammatory 
cytokines  [31-34].  Thrombocytopenia  is  reported  as  well 
as  decreases  in  platelet  counts  and  development  of  dissemi¬ 
nated  intravascular  coagulation  in  some  but  not  all  fatal  cases. 
Patients  that  survive  have  a  prolonged  convalescence  marked 


1926 


D.S.  Reed,  M.  Mohamadzadeh  /  Vaccine  25  (2007)  1923-1934 


by  fatigue  and  can  continue  to  harbor  infectious  virus  for 
months  after  recovery  [2,35,36]. 

There  are  differences  in  the  diseases  caused  by  different 
strains  of  MARV  and  EBOV,  for  reasons  that  are  not  well 
understood.  Neurological  complications  are  more  commonly 
reported  with  MARV  infection  than  with  EBOV.  Immunosup¬ 
pression  and  lymphocyte  apoptosis  are  thought  to  be  more 
profound  with  ZEBOV  infection  than  the  other  filoviruses. 
As  mentioned  above,  CIEBVO  and  REBOV  may  be  signifi¬ 
cantly  less  virulent  in  humans  than  SEBOV  or  ZEBOV  while 
retaining  considerable  lethality  in  NHR  At  one  time  MARV 
was  thought  to  be  the  ‘lesser’  cousin  of  EBOV,  due  to  the 
fact  that  in  the  only  emergence  prior  to  1999  (the  outbreak  in 
1967)  the  mortality  rate  was  ‘only’  22%.  In  1999  an  outbreak 
of  MARV  associated  with  a  gold  mine  in  the  Democratic 
Republic  of  the  Congo  had  a  mortality  rate  of  >90%;  sub¬ 
sequent  analyses  turned  up  evidence  for  multiple  strains  of 
MARV  causing  individual  cases  [37].  In  2005,  however,  a 
new  strain  of  MARV  emerged  in  Angola  with  a  mortality 
rate  of  89%  [8].  Preliminary  studies  in  NHP  suggests  that 
MARV  Angola  is  just  as  virulent  as  ZEBOV  [38]. 

4.  Animal  models  of  the  human  disease 

Since  the  first  known  outbreak  of  MARV,  animal  mod¬ 
els  have  been  critical  to  the  study  of  filoviruses.  Both  rodent 
and  nonhuman  primate  (NHP)  models  exist  for  MARV  and 
EBOV  [39].  Because  the  number  of  human  cases  is  low  and 
the  availability  of  human  tissues  from  fatal  cases  is  limited, 
animal  models  have  been  used  to  study  the  underlying  pathol¬ 
ogy  of  the  diseases  caused  by  MARV  and  EBOV.  Most  of 
these  studies  have  focused  on  infection  of  the  viruses  by  i.p., 
s.c.,  or  i.m.  injections  although  a  limited  number  of  studies 
have  examined  infection  by  aerosol  exposure  or  through  the 
ocular  conjunctiva  [40-46], 

Rodent  models  of  filovirus-mediated  disease  require  adap¬ 
tation  by  serial  passage  for  uniform  lethality;  only  the  guinea 
pig  has  been  successfully  developed  for  both  MARV  and 
EBOV  [2,47]  although  a  mouse-adapted  strain  of  ZEBOV 
[48]  has  been  developed.  Because  the  mouse  model  does 
not  develop  the  severe  coagulopathy  or  lymphocyte  apop¬ 
tosis  that  is  seen  in  the  human  disease  and  lethal  disease  can 
only  be  induced  by  i.p.  inoculation  of  the  virus,  the  mouse 
model  is  not  considered  ideal  for  studies  of  the  human  dis¬ 
ease.  Mice  have,  however,  been  used  as  a  tool  for  studying 
innate  immunity,  screening  vaccine  candidates,  and  elucidat¬ 
ing  protective  epitopes  for  humoral  and  cellular  immunity  to 
ZEBOV  [49-58], 

Unlike  mice,  guinea  pigs  do  develop  more  severe  coagu¬ 
lation  defects  (drop  in  platelet  counts,  increase  in  coagulation 
time)  after  infection  with  either  MARV  or  ZEBOV  but  the 
level  of  fibrin  deposition  and  coagulopathies  seen  are  not  at 
the  levels  seen  in  NHP  models.  To  some  extent,  this  may  be 
dependent  upon  the  strain  of  guinea  pig  used,  the  viral  strain, 
the  degree  of  adaptation,  or  all  three  [47,59]. 


Vaccine  efficacy  in  mouse  and  guinea  pig  models  has 
not  always  been  predictive  of  success  in  NHPs;  a  review  of 
the  data  published  to  date  indicates  that  it  is  far  easier  to 
protect  rodents  than  NHP  against  either  MARV  or  EBOV. 
Vaccines  that  protected  guinea  pigs  against  challenge  with 
heterologous  strains  of  MARV  failed  to  protect  NHP  [60]. 
However,  that  should  not  detract  from  the  utility  of  rodent 
models  as  a  screening  tool.  It  would  be  difficult  to  argue 
that  a  vaccine  that  failed  to  protect  in  a  rodent  model  should 
be  advanced  into  NHP  studies.  Guinea  pig-adapted  strains 
of  MARV  and  EBOV  appear  to  lose  none  of  their  virulence 
for  NHP  [61-63].  Two  of  three  NHP  infected  with  mouse- 
adapted  ZEBOV  survived  despite  developing  clinical  signs 
of  disease  and  were  subsequently  protected  against  challenge 
with  wild-type  ZEBOV;  although  animal  numbers  are  lim¬ 
ited  this  study  highlights  why  safety  concerns  would  prevent 
attenuated  strains  of  filovirus  from  serious  consideration  as 
vaccine  candidates  [64]. 

NHP  are  the  most  relevant  animal  models  of  the  human 
disease.  Several  species  of  NHP  have  been  used  for  the  study 
of  filoviruses.  African  green  monkeys,  rhesus  macaques, 
cynomolgus  macaques,  and  baboons  have  all  been  used 
in  filovirus  studies.  All  MARV  and  EBOV  strains  are 
highly  pathogenic  in  both  cynomolgus  and  rhesus  macaques, 
while  African  green  monkeys  are  resistant  to  REBOV  and 
baboons  appear  to  be  somewhat  more  resistant  to  all  EBOV 
[24,39,65,66].  Dose,  route,  viral  strain,  and  species  of  NHP 
used  all  appear  to  influence  the  onset,  duration,  and  severity  of 
clinical  signs.  Each  NHP  species  appears  to  develop  some,  but 
not  all,  of  the  clinical  signs  and  pathology  relevant  to  human 
disease.  For  example,  with  ZEBOV  infection  cynomolgus 
macaques  and  rhesus  macaques  are  more  likely  to  develop 
a  petechial  rash  and  coagulation  defects  while  baboons  are 
more  likely  to  develop  hemorrhagic  complications. 

Estimates  for  the  lethality  of  injected  MARV  and  EBOV 
in  NHP  suggest  the  LD50  for  each  is  quite  low,  although  this 
has  not  been  formally  established.  Cynomolgus  macaques  are 
thought  by  some  to  be  the  most  ‘stringent’  NHP  model  for 
ZEBOV,  based  on  the  virulence  of  ZEBOV  in  cynomolgus 
macaques  compared  to  other  NHP  species.  For  cynomolgus 
macaques  infected  with  ZEBOV,  the  onset  of  clinical  signs 
is  fairly  rapid  (4-5  days)  and  fever  duration  is  short  (2-3 
days)  before  animals  are  moribund.  In  other  NHP  models, 
fever  onset  and  duration  are  slower  and  thus  more  like  what 
has  been  observed  in  humans.  The  decision  as  to  which  NHP 
species  is  most  ‘appropriate’  or  ‘relevant’  is  still  a  matter  of 
debate;  there  are  currently  no  data  available  comparing  the 
disease  course  and  pathogenesis  in  the  different  NHP  species 
using  the  same  isolate  at  the  same  dose  by  the  same  route  of 
challenge.  Choices  of  NHP  species  have  tended  to  revolve 
around  “the  possible,”  the  historically  grounded,  and  the  par¬ 
ticular  needs  of  the  studies.  As  vaccines  advance  towards 
licensure,  a  more  rational  selection  of  which  NHP  species 
should  be  used  for  ‘pivotal’  efficacy  studies  will  need  to 
be  made  based  on  an  understanding  of  the  disease  and  the 
immune  system  of  each  NHP  species,  bridging  that  informa- 
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tion  with  what  we  know  occurs  in  humans,  and  comparative 
studies  including  identical  challenge  conditions  and  isolates. 

Very  little  is  known  about  the  pathogenesis  or  disease 
course  after  aerosol  exposure  to  filoviruses.  Aerosol  is  not 
thought  to  be  the  ordinary  route  of  transmission  in  natu¬ 
ral  outbreaks;  however,  there  have  been  reports  of  naive 
NHP  infected  across  the  room  from  experimentally  infected 
NHP  and  human  cases  in  which  direct  contact  with  infected 
patients  could  not  be  demonstrated,  suggesting  aerosol  trans¬ 
mission  [60,67,68].  Experimental  studies  have  shown  that 
filoviruses  are  relatively  stable  in  aerosol,  can  survive  on  sur¬ 
faces  for  prolonged  periods  of  time,  and  are  able  to  infect 
susceptible  naive  animals  and  cause  lethal  disease  when 
inhaled  [40-44,61,69,70].  Because  there  is  concern  that  these 
viruses  could  be  used  as  a  biological  weapon,  where  the  route 
of  exposure  would  be  aerosol,  a  better  understanding  of  the 
pathogenesis  of  the  disease  in  animals  after  aerosol  exposure 
and  how  the  disease  course  after  aerosol  exposure  differs  from 
parenteral  inoculation  is  needed. 

While  licensure  for  natural  outbreaks  may  be  possible 
through  clinical  trials  in  Africa,  clinical  trials  to  determine 
efficacy  against  aerosol  exposure  are  ethically  and  logisti- 
cally  impossible.  Licensure  of  vaccines  for  this  indication 
will  only  be  possible  through  the  Food  &  Drug  Adminis¬ 
tration’s  Animal  Rule  [71].  Key  tenets  to  the  Animal  Rule 
include  an  understanding  of  the  pathological  mechanisms 
involved  in  the  disease,  the  mechanisms  involved  in  protec¬ 
tion  against  the  disease  by  the  vaccine  or  therapeutic,  and  an 
understanding  of  the  relevance  of  animal  model  to  humans 
not  only  in  terms  of  the  disease  but  also  the  mechanism(s) 
involved  in  protection.  Licensure  under  the  Animal  Rule  will 
be  particularly  difficult  for  aerosol  exposure  as  human  data 
are  lacking. 

5.  ‘Classical’  approaches 

The  earliest  attempts  to  generate  lilovirus  vaccines  were 
based  on  the  classical  approach;  i.e.,  inactivated  virus. 
Classical  attenuation  by  passage  through  cell  culture  or 
another  species  is  not  considered  a  viable  option;  guinea  pig- 
adapted  ZEBOV  and  MARV  retain  their  virulence  for  NHP 
[40,61,62,72]  and  the  reversion  rate  of  other  attenuated  virus 
vaccines  make  clinical  trials  and  licensure  of  such  a  vaccine 
for  filoviruses  extremely  improbable.  Recombinant  genetic 
engineering  to  attenuate  infectious  clones  of  MARV  and 
EBOV  might  be  possible,  as  has  been  done  with  Venezuelan 
equine  encephalitis  [73],  however,  demonstrating  attenuation 
would  be  difficult. 

One  early  approach  involved  the  use  of  MARV  inactivated 
by  formalin,  which  protected  outbred  guinea  pigs  against 
challenge  with  a  relatively  low  dose  of  MARV  [74].  When 
MARV  inactivated  by  "/-irradiation  was  injected  into  rhe¬ 
sus  macaques,  however,  one  of  the  six  vaccinated  macaques 
failed  to  respond  to  the  vaccine  and  only  three  survived  when 
challenged  with  MARV  [75].  Similarly,  formalin-inactivated 


ZEBOV  combined  with  aluminum  hydroxide  was  able  to 
protect  guinea  pigs  but  only  poorly  protected  NHP  against 
s.c.  inoculation  with  ZEBOV  [76].  Sucrose  gradient-purified, 
y- irradiated  ZEBOV  failed  to  protect  either  cynomolgus 
macaques  or  rhesus  macaques  when  combined  with  RIBI 
adjuvant  or  liposomes  containing  lipid  A  [77].  Immune 
responses  in  all  three  studies  were  poor,  with  minimal  IgG 
responses  as  detected  by  ELISA  and  low  or  nonexistent  neu¬ 
tralizing  antibody  titers.  It  is  noteworthy,  however,  that  very 
small  numbers  of  animals  were  used  in  all  of  these  stud¬ 
ies  and  no  attempts  were  reported  regarding  optimization  of 
dose,  schedule,  or  adjuvant. 

Expression  of  ZEBOV  and  MARV  GP  in  a  baculovirus 
expression  system  has  been  approached  as  a  means  of  produc¬ 
ing  subunit  hlovirus  vaccines.  Baculovirus-expressed  MARV 
and  ZEBOV  GP  have  different  glycosylation  patterns  than 
wild-type  viruses  [78,79].  Baculovirus-expressed  MARV  GP 
lacking  the  transmembrane  domain  (GPATM)  was  able  to 
protect  most  guinea  pigs  when  given  with  RIBI  adjuvant  and 
fully  protected  guinea  pigs  when  given  as  a  booster  vaccina¬ 
tion  after  a  DNA  prime  [60] .  For  the  guinea  pigs  vaccinated 
with  MARV  GPATM,  endpoint  ELISA  titers  were  compa¬ 
rable  between  survivors  and  animals  that  succumbed  to  the 
infection  and  in  vitro  neutralizing  antibody  was  not  detectable 
before  challenge.  Neither  the  baculovirus  GPATM  alone 
nor  the  combination  DNA/baculovirus  GPATM  approaches 
were  able  to  do  any  better  than  partially  protect  guinea  pigs 
challenged  with  ZEBOV  [79]. 

6.  ‘New’  approaches 

6.1.  DNA  vaccines 

DNA  vaccines  expressing  the  GP  of  MARV  and  ZEBOV 
have  been  evaluated  as  potential  vaccines  in  rodents.  In 
guinea  pigs,  a  DNA  vaccine  expressing  MARV  GP  was 
weakly  immunogenic  compared  to  other  strategies  and 
offered  incomplete  protection  when  given  alone  but  worked 
well  when  boosted  with  baculovirus-expressed  GPATM 
[60].  In  NHP,  the  DNA  MARV  GP  vaccine  protected  four 
of  six  cynomolgus  macaques  from  lethal  MARV  infection 
[80].  In  mice,  a  DNA  vaccine  expressing  GP  from  ZEBOV 
was  able  to  fully  protect  mice  against  ZEBOV  challenge  [80] 
but  failed  to  adequately  protect  guinea  pigs  [79].  Another 
DNA  vaccine  construct,  however,  was  successful  in  protect¬ 
ing  guinea  pigs  against  ZEBOV  challenge  [81].  Based  on  the 
success  of  this  second  construct  with  an  adenovirus  boost  in 
NHP  (see  below),  a  phase  I  clinical  trial  of  a  ZEBOV  DNA 
vaccine  was  initiated  in  2004  [82]. 

6.2.  Vector-based  vaccines 

Modern  molecular  biology  has  made  it  possible  to  insert 
and  express  genes  of  interest  by  using  a  variety  of  systems. 
One  approach  that  received  considerable  attention  with  vac- 
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cines  is  to  use  viruses  as  vectors  expressing  a  heterologous 
gene  of  interest.  A  stronger  and  more  durable  immunological 
response  is  typically  seen  with  live  vaccines  due  to  repli¬ 
cation  of  the  pathogen  in  the  host.  However,  the  risk  of 
adverse  events  is  considerably  higher  and  therefore  there  are 
heightened  concerns  regarding  the  safety  of  these  vaccines. 
A  significant  portion  of  the  general  population  is  immuno- 
suppressed  and  might  be  susceptible  to  the  vaccine  itself  (a 
concern  raised  with  the  use  of  vaccinia  for  resumption  of 
vaccination  against  poxviruses).  ‘Defective’  viruses  are  con¬ 
sidered  to  be  safer  than  live  viruses  as  vectors  for  vaccines; 
however,  considerably  more  of  the  vaccine  may  be  required 
(and  in  multiple  doses)  to  achieve  protective,  long-lasting 
immunity.  Another  concern  with  vectored  vaccines  is  pre¬ 
existing  immunity  to  the  vector;  if  significant  portions  of 
the  population  have  immunity  to  the  vector,  this  can  effec¬ 
tively  block  the  development  of  immunity  to  the  heterologous 
proteins  of  interest. 

6.2.1.  Virus-like  replicon  particles  (VRP) 

The  first  approach  to  meet  with  success  (defined  as  >80% 
protection)  in  protecting  NHP  against  a  filovirus  made  use  of 
MARV  VRP  derived  from  Venezuelan  equine  encephalitis 
(VEE)  virus  [19].  Because  VEE  virus  has  a  positive-sense 
RNA  genome,  full-length  cDNA  clones  of  VEE  virus  can 
be  used  to  generate  RNA  transcripts  that,  when  introduced 
into  susceptible  cells,  will  initiate  a  complete  viral  repli¬ 
cation  cycle  and  generate  infectious  virus  [83].  Genes  of 
interest  such  as  the  GP1-GP2  of  MARV  replace  the  VEE 
virus  structural  protein  gene  region  in  a  cDNA  plasmid  of  the 
VEE  viral  genome;  an  RNA  transcript  from  such  a  plasmid, 
when  introduced  into  cells,  will  then  replicate  and  express 
the  heterologous  genes.  Because  the  RNA  transcript  does  not 
contain  the  structural  genes  of  VEE  virus,  it  is  single-cycle, 
propagation-defective  RNA  and  replicates  only  in  the  cells 
to  which  it  is  delivered.  The  RNA  is  packaged  into  VRP 
by  supplying  the  structural  protein  genes  of  VEE  virus  in 
trans.  Only  the  replicon  RNA  is  packaged  into  the  VRP,  as 
the  helper  RNAs  lack  the  packaging  sequence  required  for 
encapsidation.  VRP  have  been  used  successfully  in  mice  as  a 
tool  to  examine  the  T-lymphocyte  response  to  ZEBOV  and  to 
generate  monoclonal  antibodies  that  protected  mice  against 
a  ZEBOV  challenge  [18,54,58]. 

When  guinea  pigs  or  cynomolgus  macaques  were  vacci¬ 
nated  with  VRP  containing  the  GP  from  the  Musoke  strain 
of  MARV,  they  were  fully  protected  against  subsequent  s.c. 
inoculation  with  virulent  Musoke  [78].  In  guinea  pigs,  there 
was  no  difference  in  the  protection  afforded  by  a  one-,  two-, 
or  three-dose  regimen.  Although  ELISA  indicated  the  pres¬ 
ence  of  anti-MARV  IgG,  no  in  vitro  neutralizing  antibody 
activity  was  detectable  in  the  macaques  before  challenge. 
Guinea  pigs  vaccinated  with  Musoke  VRP  were  protected 
against  challenge  with  heterologous  strains  of  MARV  (Ci67, 
Ravn)  [60]  but  cynomolgus  macaques  were  not  (unpublished 
data).  Initial  efforts  to  extend  this  success  to  ZEBOV  were 
not  unsuccessful  in  NHP  [77].  Given  the  success  in  mice 


and  guinea  pigs,  the  failure  of  VRP  to  protect  NHP  against 
heterologous  MARV  or  ZEBOV  is  likely  a  function  of  the 
strength  of  the  immunological  response  to  the  vaccination 
and  further  optimization  of  the  dose,  schedule,  route,  and 
vector  should  overcome  this  concern. 

Three  major  obstacles  lay  in  the  path  of  licensure  for 
filovirus  VRP-based  vaccines.  First,  the  difficulty  in  pro¬ 
tecting  against  heterologous  filoviruses  will  require  testing 
combinations  of  VRP  expressing  GP  from  the  heterologous 
strains  of  MARV  and  EBOV.  New  VRP  may  have  to  be  gen¬ 
erated  as  new  isolates  of  MARV  and  EBOV  are  identified, 
such  as  the  Angola  strain  of  MARV.  Secondly,  optimization 
of  vaccine  dose  and  schedule  is  needed  and  in  humans  there 
may  be  issues  of  patient  compliance  if  multiple  vaccinations 
are  required  to  achieve  the  needed  potency.  If  high  doses  for 
multiple  immunizations  are  required,  manufacturing  of  suf¬ 
ficient  VRP  may  be  an  issue  although  it  should  be  noted  that 
vaccines  using  VRP  for  other  diseases  are  currently  in  clini¬ 
cal  trials  [84],  Finally,  VEE  is  also  considered  a  biodefense 
threat  and  armed  forces  and  first  responders  may  be  vacci¬ 
nated  with  VEE  vaccine;  as  a  result,  pre-existing  immunity  to 
VEE  may  reduce  the  effectiveness  of  vaccination  with  VRP- 
based  vaccines  as  has  been  seen  with  VEE  vaccines  given  to 
personnel  receiving  vaccines  for  other  alphaviruses  [85]. 

6.2.2.  Adenovirus-based  vaccines 

In  2000,  Sullivan  et  al.  reported  the  first  successful  effort 
(>80%  protection)  to  protect  nonhuman  primates  against 
challenge  with  ZEBOV  [86].  A  combination  DNA  vac¬ 
cine  prime/adenovirus  vector  boost  was  able  to  fully  protect 
cynomolgus  macaques  when  using  GP  and  nucleoprotein 
(NP)  from  ZEBOV.  Antibody  (by  ELISA)  and  cellular 
immune  responses  (by  ’’H-thy  midi  lie)  to  GP  were  detectable 
before  challenge.  The  proliferative  response  was  entirely  by 
CD4+  lymphocytes;  CD8+  lymphocytes  were  not  a  signifi¬ 
cant  component  of  the  proliferative  response.  However,  the 
challenge  dose  was  considerably  lower  than  what  has  been 
postulated  for  an  accidental  needlestick  exposure,  although  it 
was  sufficient  to  be  lethal  to  all  four  of  the  control  macaques. 

In  a  subsequent  study,  Sullivan  et  al.  reported  that  a  single 
vaccination  with  the  adenovirus  vector  expressing  ZEBOV 
GP  was  sufficient  to  fully  protect  macaques  against  both  low 
(lOpfu)  and  high  dose  (lOOOpfu)  challenges  [87].  Antibody 
responses  were  lower  than  what  had  been  reported  with  the 
DNA  prime/adenovirus  boost.  Intracellular  cytokine  staining 
detected  a  low  CD8+  response  in  peripheral  blood  mononu¬ 
clear  cells  but  was  unable  to  detect  a  CD4+  lymphocyte 
response  before  challenge.  It  is  not  clear  whether  the  dif¬ 
ferences  in  the  cellular  immune  response  from  the  previous 
study  were  due  to  the  change  in  the  vaccination  regimen 
or  differences  in  the  types  of  assays  employed  to  measure 
cellular  immune  responses. 

Two  challenges  face  the  adenovirus  ZEBOV  GP  vaccine. 
The  first  is  dose;  because  the  adenovirus  construct  used  in 
these  studies  was  replication  deficient,  a  high  dose  of  particles 
was  required  for  vaccination.  In  the  ‘accelerated’  vaccination 
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study,  a  dose  of  2  x  1012  adenovirus  particles  was  used;  sub¬ 
sequent  studies  have  shown  vaccination  with  1010  was  still 
protective,  while  109  was  not  [88].  The  second  and  more  seri¬ 
ous  challenge  facing  the  adenovirus- vectored  ZEBOV  GP 
vaccine  is  the  issue  of  pre-existing  immunity  to  the  aden¬ 
ovirus  vector.  Adenovirus  vectors  were  first  employed  as  a 
means  of  gene  delivery  into  human  patients,  but  pre-existing 
immunity  to  the  vector  completely  blocks  expression  of  the 
delivered  genes  [89].  The  studies  reported  by  Sullivan  et  al. 
used  a  serotype  5  adenovirus  (Ad5);  estimates  of  human  pop¬ 
ulations  indicate  that  potentially  as  many  as  50%  of  humans 
have  immunity  to  Ad5.  It  is  not  clear  whether  pre-existing 
immunity  to  Ad5  in  humans  will  prevent  development  of 
a  protective  immune  response  to  ZEBOV.  There  are  recent 
reports  in  mice  and  rhesus  macaques  that  pre-existing  immu¬ 
nity  to  Ad5  did  diminish  the  response  to  Ad5-vectored 
vaccines  [90,91],  however,  another  study  in  mice  using  Ad5- 
vectors  have  found  that  pre-existing  immunity  did  not  prevent 
the  development  of  immunity  [92],  Priming  with  DNA  plas¬ 
mids  expressing  the  gene  of  interest  may  be  sufficient  to 
overcome  pre-existing  immunity  to  the  viral  vector;  how¬ 
ever,  to  date  this  has  only  been  demonstrated  in  mice  [93-95]. 
Other  serotypes  that  are  not  as  prevalent  in  the  human  pop¬ 
ulation  (or  that  do  not  typically  infect  humans  at  all)  might 
be  used  in  place  of  Ad5  [90]  but  the  original  studies  would 
have  to  be  repeated  with  the  new  constructs  to  demonstrate 
comparable  protection. 

6.2.3.  Vesicular  stomatitis  virus-based  vaccines 

Vesicular  stomatitis  virus  (VSV)  has  also  garnered  recent 

interest  as  a  potential  vaccine  vector  [96].  VSV  expressing  GP 
of  ZEBOV  or  MARV  can  elicit  complete  protection  against 
challenge  in  cynomolgus  macaques.  All  vaccinated  animals 
were  protected,  and  more  significantly  were  protected  against 
rechallenge  with  heterologous  strains.  Antibody  responses 
were  detected  before  challenge  by  ELISA  but  in  vitro 
neutralizing  antibody  and  cellular  immune  responses  (as 
measured  by  intracellular  cytokine  staining)  were  not.  VSV- 
vectored  MARV  vaccine  has  also  been  shown  to  protect 
macaques  against  heterologous  MARV  viruses  and  can  pro¬ 
tect  against  MARV  infection  even  when  given  postexposure 
[97].  VSV- vectored  vaccines  do  not  currently  face  the  issues 
of  pre-existing  immunity  that  may  plague  vaccinia,  aden¬ 
ovirus,  or  VEE-based  vaccines.  However,  as  the  particular 
construct  used  in  the  VSV  studies  is  a  live  attenuated  virus 
and  not  replication  deficient,  there  will  be  significant  safety 
concerns  as  VSV  can  cause  human  disease.  Studies  in  ani¬ 
mals  suggest  that  VSV  can  become  latent  and  persist  for  some 
time  in  host  tissues  after  convalescence  [98,99].  These  safety 
concerns  may  necessitate  refinement  and  delay  development 
of  VSV-based  vaccines. 

6.2.4.  Other  vectored  filovirus  vaccine  candidates 

There  are  other  vector  approaches  that  have  been  evaluated 
for  filovirus  vaccines.  A  vaccinia-derived  vector  express¬ 
ing  ZEBOV  GP  protected  guinea  pigs  but  not  cynomolgus 


macaques  despite  induction  of  neutralizing  antibody  [77]. 
That  failure,  the  concern  of  pre-existing  immunity  to  vac¬ 
cinia  and  the  appearance  of  other  more  successful  vaccine 
candidates,  led  to  abandonment  of  the  vaccinia  approach. 
More  recently,  Bukreyev  et  al.  [100]  described  the  use 
of  an  intranasally  administered  paramyxovirus  as  a  vector 
expressing  ZEBOV  GP  to  fully  protect  guinea  pigs  against 
parenteral  ZEBOV  challenge.  The  paramyxovirus  constructs 
were  immunogenic  and  provided  complete  protection  against 
challenge.  However,  the  significant  safety  concerns  regarding 
the  use  of  a  live,  non-attenuated  human  pathogen  as  a  vec¬ 
tor  raise  obvious  concerns  about  its  use  as  a  human  vaccine. 
The  authors  do  mention  the  potential  to  use  a  paramyxovirus 
vector  that  infects  other  hosts  but  is  attenuated  in  humans; 
however,  the  guinea  pig  studies  would  have  to  be  repeated 
and  safety  issues  would  remain  paramount. 

7.  Virus-like  particles  (VLP) 

VLP  are  an  attractive  alternative  to  ‘traditional’  subunit 
vaccines  in  that  they  are  an  aggregate  of  viral  proteins  in 
native  conformation  without  the  safety  concerns  that  attend 
attenuated  or  replication-deficient  viruses.  Co-expression 
of  ZEBOV  GP  and  VP40  in  293T  cells  resulted  in  the 
production  of  ZEBOV  VLPs  (eVLPs)  that  were  indistin¬ 
guishable  by  electron  microscopy  from  live  ZEBOV  particles 
[15,101].  When  eVLPs  were  cultured  with  mouse  bone- 
marrow-derived  dendritic  cells,  they  induced  maturation  of 
the  cells  and  production  of  inflammatory  cytokines  [102]. 
eVLPs  were  immunogenic  in  mice  when  give  i.m.  or  i.p.  and 
vaccinated  mice  were  fully  protected  against  challenge  with 
mouse-adapted  ZEBOV  [57].  Further  study  in  mice  suggests 
that  a  Thl-type  immune  response  with  CD8+  T  lymphocytes 
is  critical  to  the  protection  against  ZEBOV  challenge  [55]. 

MARV  VLPs  (mVLPs)  were  generated  in  a  similar  fash¬ 
ion  to  the  eVLPs  and  combined  with  RIBI  adjuvant  to 
vaccinate  guinea  pigs  [103].  The  plaque-reducing  neutraliza¬ 
tion  titer  to  neutralize  80%  of  the  virus  in  vitro  (PRNT-80)  was 
1 : 100  in  mVLP-vaccinated  guinea  pigs;  however,  inactivated 
MARV-vaccinated  guinea  pigs  had  a  PRNT-80  of  1:300. 
Guinea  pigs  from  both  the  mVLP  and  inactivated  MARV 
groups  were  fully  protected  against  challenge  with  homolo¬ 
gous  guinea  pig-adapted  MARV.  Hybrid  VLPs  containing  the 
GP  of  ZEBOV  and  VP40  of  MARV  (or  the  VP40  of  ZEBOV 
and  GP  of  MARV)  were  only  able  to  protect  if  the  GP  was 
to  the  homologous  virus  [16].  Guinea  pigs  vaccinated  with  a 
combination  of  mVLP  and  eVLP  were  fully  protected  against 
challenge  with  either  ZEBOV  or  MARV,  demonstrating  that 
a  pan-filovirus  vaccine  is  possible.  Results  from  NHP  studies 
have  not  yet  been  reported  nor  have  there  been  any  attempts  to 
optimize  the  dose  and  schedule  of  VLP  vaccination.  Produc¬ 
tion  of  sufficient  VLP  may  be  a  concern  especially  if  the  dose 
required  is  high.  In  addition,  results  demonstrated  efficacy  in 
the  more  stringent  NHP  models  are  needed  to  advance  VLP 
to  the  same  level  as  other  existing  candidates. 
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8.  Immunological  correlates  and  mechanisms 

To  license  vaccines  using  the  FDA’s  Animal  Rule  requires 
demonstrating  an  understanding  of  the  immunological  mech¬ 
anisms  responsible  for  that  protection.  The  response  in 
humans  to  the  vaccine  must  be  sufficiently  similar  to  the 
response  in  protected  animals  so  that  one  can  infer  that  pro¬ 
tection  in  the  animal  will  predict  protection  in  the  human. 

For  filoviruses,  this  challenge  is  even  more  daunting 
than  it  may  first  appear.  Much  of  what  we  know  about  the 
immune  system  is  based  on  studies  in  mice  and  humans. 
In  recent  years,  our  understanding  of  NHP  immunology 
has  improved,  as  NHP,  particularly  rhesus  macaques,  have 
been  studied  as  surrogate  models  for  HIV  infection  using 
simian  immunodeficiency  virus  [104,105].  But  there  are 
many  differences  between  human  and  NHP  immune  systems. 
Macaques  have  only  three  subtypes  of  IgG,  lacking  IgG3 
[  106].  Many  monoclonal  antibodies  that  react  to  human  lym¬ 
phocytes  are  cross-reactive  with  lymphocytes  from  rhesus 
macaques,  cynomolgus  macaques,  and  African  green  mon¬ 
keys,  but  many  others  are  not.  Multi-color  flow  cytometry  has 
demonstrated  that  the  patterns  of  expression  for  many  mark¬ 
ers  on  leukocytes  are  different  from  what  has  been  observed 
in  humans.  For  example,  natural  killer  (NK)  lymphocytes  in 
rhesus  macaques,  cynomolgus  macaques,  and  African  green 
monkeys  express  CD8,  whereas  NK  lymphocytes  in  humans 
typically  do  not  [107,108]  (D.  Reed,  personal  observations). 
African  green  monkeys  have  a  CD4:CD8  T  lymphocyte  ratio 
that  is  skewed  towards  CD8  T  lymphocytes  rather  than  the  2: 1 
ratio  seen  in  humans  [109,110].  What  (if  any)  impact  these 
differences  have  on  the  immunological  response  is  currently 
unknown. 

The  majority  of  vaccine  studies  with  ZEBOV  and  MARV 
have  focused  on  GP.  Hevey  et  al.  [78]  found  that  while 
GP  alone  conferred  complete  protection  against  MARV.  NP 
alone  did  not.  VRP  expressing  VP24,  VP30,  or  VP40  pro¬ 
tected  BALB/c  mice  against  ZEBOV  challenge  while  only 
VP35  was  protective  in  C57  BL/6  mice  [54].  Studies  with 
eVLP  and  mVLP  have  shown  that  while  VP40  is  essential 
for  the  structure  of  the  VLP,  VP40  alone  is  not  sufficient  to 
protect  guinea  pigs  against  a  homologous  virus  [16].  One 
common  theme  that  runs  through  these  studies  is  that  the 
potency  of  the  immunological  response  to  the  vaccine  is  crit¬ 
ical  and  that  optimization  of  dose,  route  and  schedule  will 
likely  be  required  for  protection  in  NHP,  particularly  for 
challenge  with  ZEBOV  or  heterologous  MARV. 

Of  the  two  ‘arms’  of  the  adaptive  immune  response, 
humoral  immunity  is  the  most  easily  measured,  and  passive 
transfer  of  sera  can  be  used  to  demonstrate  antibody-mediated 
protection.  In  the  1995  outbreak  of  ZEBOV  in  Kikwit,  blood 
transfusions  from  convalescent  patients  appeared  to  protect 
sick  patients,  suggesting  that  humoral  immunity  could  pro¬ 
tect  [111]  although  these  findings  are  controversial  and  the 
number  of  patients  was  limited.  Studies  using  monoclonal 
antibodies  and  immune  serum  in  cell  culture  and  in  animals 
have  also  suggested  that  antibody  can  protect  against  ZEBOV 


[  1 8,20,53,78, 112,113].  Hyper-immune  equine  sera,  however, 
was  unable  to  protect  cynomolgus  macaques  from  ZEBOV, 
although  under  some  circumstances,  it  did  delay  viremia 
and  time  to  death  [114],  Antibody-mediated  enhancement  of 
infection  in  cell  culture  has  been  reported  for  VSV  express¬ 
ing  ZEBOV  GP  [115];  however,  other  laboratories  have  not 
observed  this  effect  [116].  Antibody  capable  of  neutraliz¬ 
ing  ZEBOV  or  MARV  in  vitro  has  been  difficult  to  measure 
before  challenge  of  vaccinated  animals  and  has  not  correlated 
with  protection  in  NHP.  Humoral  immunity  is  clearly  impor¬ 
tant  for  protection  against  filovirus  infection  but  more  study 
is  needed  to  identify  the  critical  parameters  (concentration, 
affinity/avidity,  IgG  subtype)  essential  for  good  protection. 

Identifying  the  cellular  mechanisms  that  protect  against 
infection  with  EBOV  or  MARV  will  be  far  more  difficult. 
Memory  T  lymphocytes  specific  to  a  particular  antigenic  epi¬ 
tope  comprise  only  a  very  small  portion  of  T  lymphocytes  in 
a  normal  host.  MHC  tetramers  will  not  be  useful  in  clinical 
trials  in  humans  or  pivotal  efficacy  studies  in  outbred  animals. 
Both  intracellular  cytokine  staining  (ICS)  and  ELISPOT  have 
been  used  to  detect  memory  T  lymphocytes  in  humans  and 
NHP,  although  debate  continues  on  which  assay  is  the  more 
sensitive  or  reproducible.  A  series  of  recent  publications  have 
demonstrated  how  the  use  of  peptide  pools  can  be  used  to 
identify  important  epitopes  for  T-lymphocyte  responses,  even 
in  outbred  animals.  Applying  this  improvement  to  traditional 
ELISPOT  and  ICS  assays  will  help  immensely  in  comparing 
responses  between  humans  and  animal  models.  Similarly,  an 
ELISPOT  assay  to  detect  memory  B  lymphocytes  has  been 
described  and  has  shown  utility  in  detecting  memory  in  small¬ 
pox  vaccine  recipients  years  after  vaccination  [117].  This 
assay  could  detect  the  frequency  of  cells  capable  of  produc¬ 
ing  specific  antibody  after  antibody  titers  in  the  blood  have 
waned. 

Nevertheless,  in  mice,  CD8+  T  lymphocytes  are  important 
for  protection  against  ZEBOV  [55,58].  NHP  studies  with  the 
adenovirus  and  VSV- vectored  vaccines  have  also  found  the 
presence  of  CD8+  T  lymphocytes  in  vaccinated  macaques  by 
ICS  before  challenge  [87,96].  Definitive  data  demonstrating 
the  importance  of  CD8+  T  lymphocytes  as  a  mechanism  of 
protection  in  a  relevant  animal  model,  however,  have  not  yet 
been  reported. 

9.  Conclusions  and  the  path  forward 

A  decade  ago,  there  seemed  little  hope  for  a  vaccine  that 
would  protect  against  filoviruses.  Equally  troubling  were  the 
revelations  that  the  former  Soviet  Union  had  ‘weaponized’ 
MARV  and  possibly  ZEBOV  [13].  Since  that  time,  several 
vaccine  candidates  have  been  generated  by  using  modern 
technology  and  have  shown  immense  promise  by  protecting 
animals,  particularly  NHP,  against  challenge  with  MARV  and 
ZEBOV.  If  nothing  else,  these  animal  studies  have  demon¬ 
strated  that  a  vaccine  is  certainly  now  possible  for  both 
MARV  and  EBOV.  A  summary  of  the  various  vaccine  efforts, 
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Table  1 


Summary  of  filovirus  vaccine  efforts 


Approach 

Antigen 

Immunity 

Efficacy 

Rodent  NHP 

Concerns 

Refs. 

Classical 

Killed 

Whole  virus 

IgG+,  low  NT 

Varies  Failed 

Potency,  schedule,  adjuvant, 
safety 

[75,103,118] 

Attenuated 

Whole  virus 

IgG+ 

Failed  Failed 

Safety 

[64] 

Subunit 

Baculovirus 

GP,  GPATM 

IgG+ 

Partial  ND 

Potency,  glycosylation 

[60,78,79] 

VLP 

GP  +  VP40 

IgG+,  NT+,  CD4+ 

Good  ND 

Potency,  schedule 

[15,16,55,57,103] 

DNA 

Alone 

GP,  NP 

IgG+ 

Poor  ND 

Potency,  schedule 

[79,80,119] 

Prime/boost, 

GP 

IgG+,  no  NT,  CD4+ 

Good  Good 

Schedule,  potency 

[86] 

w/Adv 

Vectored 

Vaccinia 

GP,  VP24 

IgG+,  low  NT 

Poor 

Anti-vector  immunity,  safety, 
potency 

[77] 

VRP 

GPGP  +  NP,  NP, 
VP35,  VP30,  VP24 

IgG+,  no  NT,  CTL,  CD4+ 

Good  Good 

Anti-vector  immunity,  potency, 
schedule,  heterologous  viruses 

[19,54,58,60] 

Adenovirus 

GP,GP  +  NP 

IgG+,  CD8+ 

Good  Good 

Anti-vector  immunity,  potency 

[87] 

vsv 

GP 

IgG+,  no  NT,  no  CMI 

Good  Good 

Safety 

[96] 

Parainfluenza 

GP,GP  +  NP 

IgG+ 

Good 

Safety 

[100] 

the  antigens  examined,  their  efficacy  and  concerns  is  shown  in 
Table  1 .  The  road  to  licensure  is  long,  however,  and  there  are 
a  number  of  scientific  hurdles  left  for  all  of  these  candidates 
before  they  can  be  used  in  humans  with  a  reasonable  expec¬ 
tation  that  they  would  be  safe,  immunogenic,  and  efficacious. 
Along  the  road  to  licensure  there  will  likely  be  considerable 
discussion  about  who  should  be  vaccinated.  Licensure  of  the 
general  public  is  feasible  but  likely  to  meet  resistance,  partic¬ 
ularly  in  western  countries  where  the  likelihood  of  filovirus 
infection  is  very  low.  Stockpiles  of  vaccine  could  be  kept 
in  case  of  a  natural  outbreak  or  a  bioterrorist  attack  and 
distributed  as  needed.  The  recent  report  that  VS V- vectored 
MARV  vaccine  can  protect  even  when  given  postexposure 
offers  some  hope  that  these  vaccines  might  be  given  postexpo¬ 
sure  as  can  be  done  with  the  live  smallpox  vaccine;  we  would 
caution  that  optimism  by  pointing  out  that  in  that  report  the 
vaccine  was  given  immediately  postexposure,  that  would  be 
unlikely  in  either  a  natural  outbreak  or  bioterrorist  scenario. 
It  seems  likely  though  that  a  ring-type  vaccination  of  sur¬ 
rounding  areas  would  still  be  advisable  as  this  would  prevent 
secondary  transmission.  Under  this  type  of  scenario,  develop¬ 
ment  of  therapeutics  for  filovirus  infection  is  also  needed  to 
treat  primary  cases.  Similar  to  what  has  been  done  for  rabies 
control,  filovirus  vaccines  might  also  be  used  in  wild  chim¬ 
panzees  and  gorillas  in  an  effort  to  control  outbreaks  since 
there  is  evidence  that  outbreaks  in  these  species  may  precede 
human  cases  and  in  some  outbreaks  initial  human  cases  may 
have  come  from  eating  or  handling  infected  animals  [11,12], 
This  review  has  covered  the  most  promising  candidates,  cov¬ 
ering  the  advantages  of  each  and  where  potential  pitfalls  may 
lie.  It  is  hoped  that  the  insights  provided  here  on  these  efforts 
may  aid  efforts  on  developing  vaccines  for  other  emerging 
diseases  or  bioweapon  threats. 


Acknowledgements 

We  would  like  to  thank  Dr.  Alan  Schmaljohn  for  providing 
materials  used  in  the  figures  published  in  this  review  as  well 
as  critical  comments  and  review  of  the  manuscript  prior  to 
submission. 


References 

[1]  Siegert  R,  Shu  HL,  Slenczka  W.  Isolation  and  identification  of  the 
“Marburg  virus”.  Dtsch  Med  Wochenschr  1968;93(12):604- 12. 

[2]  Siegert  R,  Shu  HL,  Slenczka  W,  Peters  D,  Muller  G.  On  the  etiology  of 
an  unknown  human  infection  originating  from  monkeys.  Dtsch  Med 
Wochenschr  1967;92(51):2341-3. 

[3]  Ebola  haemorrhagic  fever  in  Sudan,  1976.  Report  of  a  WHO/ 
International  Study  Team.  Bull  World  Health  Org  1978:56(2);247-70. 

[4]  Ebola  haemorrhagic  fever  in  Zaire,  1976.  Bull  World  Health  Org 
1978;56(2):271-93. 

[5]  Le  Guenno  B,  Formenty  P,  Boesch  C.  Ebola  virus  outbreaks  in  the 
Ivory  Coast  and  Liberia,  1994-1995.  Curr  Top  Microbiol  Immunol 
1999;235:77-84. 

[6]  Jahrling  PB,  Geisbert  TW,  Dalgard  DW,  et  al.  Preliminary  report: 
isolation  of  Ebola  virus  from  monkeys  imported  to  USA.  Lancet 
1990;335(8688):502-5. 

[7]  Viral  haemorrhagic  fever/Marburg,  Democratic  Republic  of  the 
Congo.  Wkly  Epidemiol  Rec  1999;74(20):  157-8. 

[8]  Outbreak  of  Marburg  virus  hemorrhagic  fever- Angola,  October 
1,  2004-March  29,  2005.  MMWR  Morb  Mortal  Wkly  Rep 
2005  ;54(  1 2) :  308-9. 

[9]  Leroy  EM,  Kumulungui  B,  Pourrut  X,  et  al.  Fruit  bats  as  reservoirs 
of  Ebola  virus.  Nature  2005;438(7068):575-6. 

[10]  Leroy  EM,  Rouquet  P,  Formenty  P,  et  al.  Multiple  Ebola  virus  trans¬ 
mission  events  and  rapid  decline  of  central  African  wildlife.  Science 
2004;303(5656):387-90. 

[11]  Walsh  PD,  Abemethy  KA,  Bermejo  M,  et  al.  Catastrophic  ape  decline 
in  western  equatorial  Africa.  Nature  2003;422(6932):61  1-4. 


1932 


D.S.  Reed,  M.  Mohamadzadeh  /  Vaccine  25  (2007)  1923-1934 


[12]  Formenty  P,  Boesch  C,  Wyers  M,  et  al.  Ebola  virus  outbreak  among 
wild  chimpanzees  living  in  a  rain  forest  of  Cote  d’Ivoire.  J  Infect  Dis 
1999;179(Suppl.  l):S120-6. 

[13]  Alibek  K,  Handelman  S.  Biohazard:  The  chilling  true  story  of  the 
Largest  Covert  Biological  Weapons  Program  in  the  World,  told  from 
the  inside  by  the  man  who  ran  it.  Random  House,  New  York,  NY; 
1999. 

[14]  Possession,  use,  and  transfer  of  select  agents  and  toxins.  Interim  final 
rule.  Fed  Regist  2002;67(240):76886-905. 

[  15]  Bavari  S,  Bosio  CM,  Wiegand  E,  et  al.  Lipid  raft  microdomains:  a  gate¬ 
way  for  compartmentalized  trafficking  of  Ebola  and  Marburg  viruses. 
J  Exp  Med  2002;195(5):593-602. 

[16]  Swenson  DL,  Warfield  KL,  Negley  DL,  Schmaljohn  A,  Aman  MJ, 
Bavari  S.  Virus-like  particles  exhibit  potential  as  a  pan-filovirus 
vaccine  for  both  Ebola  and  Marburg  viral  infections.  Vaccine 
2005;23(23):3033-f2. 

[17]  Feldmann  H,  Volchkov  VE,  Volchkova  VA,  Klenk  HD.  The  gly¬ 
coproteins  of  Marburg  and  Ebola  virus  and  their  potential  roles  in 
pathogenesis.  Arch  Virol  Suppl  1999;15:159-69. 

[18]  Wilson  JA,  Hevey  M,  Bakken  R,  et  al.  Epitopes  involved 
in  antibody-mediated  protection  from  Ebola  virus.  Science 
2000;287(5458):  1664-6. 

[19]  Hevey  M,  Negley  D,  Pushko  P,  Smith  J,  Schmaljohn  A.  Marburg 
virus  vaccines  based  upon  alphavirus  replicons  protect  guinea  pigs 
and  nonhuman  primates.  Virology  1998;25 1(1):28— 37. 

[20]  Hevey  M,  Negley  D,  Schmaljohn  A.  Characterization  of  monoclonal 
antibodies  to  Marburg  virus  (strain  Musoke)  glycoprotein  and  identi¬ 
fication  of  two  protective  epitopes.  Virology  2003;3 14(  1):350 — 7. 

[21]  Yang  Z,  Delgado  R,  Xu  L,  et  al.  Distinct  cellular  interactions 
of  secreted  and  transmembrane  Ebola  virus  glycoproteins.  Science 
1998;279(5353):  1034-7. 

[22]  Feldmann  H,  Volchkov  VE,  Volchkova  VA,  Stroher  U,  Klenk 
HD.  Biosynthesis  and  role  of  filoviral  glycoproteins.  J  Gen  Virol 
2001;82(Pt  12):2839^18. 

[23]  Jahrling  PB,  Geisbert  TW,  Jaax  NK,  Hanes  MA,  Ksiazek  TG,  Peters 
CJ.  Experimental  infection  of  cynomolgus  macaques  with  Ebola- 
Reston  filoviruses  from  the  1989-1990  U.S.  epizootic.  Arch  Virol 
Suppl  1996;11:115-34. 

[24]  Fisher-Hoch  SP,  Brammer  TL,  Trappier  SG,  et  al.  Pathogenic  potential 
of  filoviruses:  role  of  geographic  origin  of  primate  host  and  virus 
strain.  J  Infect  Dis  1992;166(4):753-63. 

[25]  Formenty  P,  Hatz  C,  Le  Guenno  B,  Stoll  A,  Rogenmoser  P,  Widmer  A. 
Human  infection  due  to  Ebola  virus,  subtype  Cote  d’Ivoire:  clinical 
and  biologic  presentation.  J  Infect  Dis  1999;179(Suppl.  1  ):S48— 53. 

[26]  Ignatyev  GM.  Immune  response  to  filovirus  infections.  Curr  Top 
Microbiol  Immunol  1999;235:205-17. 

[27]  Bukreyev  A  A,  Volchkov  VE,  Blinov  VM,  Dryga  SA,  Netesov  SV. 
The  complete  nucleotide  sequence  of  the  Popp  (1967)  strain  of  Mar¬ 
burg  virus:  a  comparison  with  the  Musoke  (1980)  strain.  Arch  Virol 
1 995 ;  1 40(9) :  1 5 89-600. 

[28]  Johnson  ED,  Johnson  BK,  Silverstein  D,  et  al.  Characterization  of  a 
new  Marburg  virus  isolated  from  a  1987  fatal  case  in  Kenya.  Arch 
Virol  Suppl  1996;11:101-14. 

[29]  Towner  JS,  Khristova  ML,  Sealy  TK,  et  al.  Marburgvirus  genomics 
and  association  with  a  large  hemorrhagic  Fever  outbreak  in  angola.  J 
Virol  2006;80(  1 3):6497-5 16. 

[30]  Khan  AS,  Sanchez  A,  Pflieger  AK.  Filoviral  haemorrhagic  fevers.  Br 
Med  Bull  1998;54(3):675-92. 

[31]  Baize  S,  Leroy  EM,  Georges  AJ,  et  al.  Inflammatory  responses  in 
Ebola  virus-infected  patients.  Clin  Exp  Immunol  2002;  128(1):  163-8. 

[32]  Baize  S,  Leroy  EM,  Georges-Courbot  MC,  et  al.  Defective  humoral 
responses  and  extensive  intravascular  apoptosis  are  associated 
with  fatal  outcome  in  Ebola  virus-infected  patients.  Nat  Med 
1999;5(4):423-6. 

[33]  Ksiazek  TG,  Rollin  PE,  Williams  AJ,  et  al.  Clinical  virology  of 
Ebola  hemorrhagic  fever  (EHF):  virus,  virus  antigen,  and  IgG  and 
IgM  antibody  findings  among  EHF  patients  in  Kikwit,  Democratic 


Republic  of  the  Congo,  1995.  J  Infect  Dis  1999;179(Suppl.  1):S177- 
87. 

[34]  Villinger  F,  Rollin  PE,  Brar  SS,  et  al.  Markedly  elevated  levels  of  inter¬ 
feron  (IFN)-gamma,  IFN-alpha,  interleukin  (IL)-2,  IL-10,  and  tumor 
necrosis  factor-alpha  associated  with  fatal  Ebola  virus  infection.  J 
Infect  Dis  1999;179(Suppl.  1):S188-91. 

[35]  Martini  GA,  Schmidt  HA.  Spermatogenic  transmission  of  the  “Mar¬ 
burg  virus”  (causes  of  “Marburg  simian  disease”).  Klin  Wochenschr 
1 968 ;46(7): 398^100. 

[36]  Siegert  R,  Shu  HL,  Slenczka  W.  Detection  of  the  “Marburg  Virus”  in 
patients.  Ger  Med  Mon  1968;  13(1 1):521^4. 

[37]  Zeller  H.  Lessons  from  the  Marburg  virus  epidemic  in  Durba, 
Democratic  Republic  of  the  Congo  (1998-2000).  Med  Trop  (Mars) 
2000;60(2  Suppl.):23-6. 

[38]  Daddario-DiCaprio  KM,  Geisbert  TW,  Geisbert  JB,  et  al.  Cross¬ 
protection  against  Marburg  virus  strains  by  using  a  live,  attenuated 
recombinant  vaccine.  J  Virol  2006;80(19):9659-66. 

[39]  Fisher-Hoch  SP,  McCormick  JB.  Experimental  filovirus  infections. 
Curr  Top  Microbiol  Immunol  1999;235:117-43. 

[40]  Lub  M,  Sergeev  AN,  P’lankov  OV,  P’lankova  OG,  Petrishchenko 
VA,  Kotliarov  LA.  Certain  pathogenetic  characteristics  of  a  disease 
in  monkeys  in  infected  with  the  Marburg  virus  by  an  airborne  route. 
Vopr  Virusol  1 995  ;40(4):  158-61. 

[41]  Lub  M,  Sergeev  AN,  P’lankova  OG,  P’lankov  OV,  Petrishchenko 
VA,  Kotliarov  LA.  Clinical-virusological  characteristics  of  disease  in 
guinea  pigs,  infected  by  the  Marburg  virus  aerogenically.  Vopr  Virusol 
1995;40(3):  119-21. 

[42]  Ryabchikova  E,  Strelets  L,  Kolesnikova  L,  Pyankov  O,  Sergeev 
A.  Respiratory  Marburg  virus  infection  in  guinea  pigs.  Arch  Virol 
1996;  141(1 1):2177— 90. 

[43]  Belanov  EF,  Muntianov  VP,  Kriuk  VD,  et  al.  Survival  of  Marburg  virus 
infectivity  on  contaminated  surfaces  and  in  aerosols.  Vopr  Virusol 
1996;41(l):32-4. 

[44]  Johnson  E,  Jaax  N,  White  J,  Jahrling  P.  Lethal  experimental  infec¬ 
tions  of  rhesus  monkeys  by  aerosolized  Ebola  virus.  Int  J  Exp  Pathol 
1995;76(4):227-36. 

[45]  P’lankov  OV,  Sergeev  AN,  P’lankova  OG,  Chepurnov  AA. 
Experimental  Ebola  fever  in  Macaca  mulatta.  Vopr  Virusol 
1995;40(3):  113-5. 

[46]  Leffel  EK,  Reed  DS.  Marburg  and  Ebola  viruses  as  aerosol  threats. 
Biosecurity  Bioterrorism:  Biodefense  Strat  Pract  Sci  2004;2(3): 
1-6. 

[47]  Connolly  BM,  Steele  KE,  Davis  KJ,  et  al.  Pathogenesis  of  experimen¬ 
tal  Ebola  virus  infection  in  guinea  pigs.  J  Infect  Dis  1999;179(Suppl. 
1):S203-17. 

[48]  Bray  M,  Davis  K,  Geisbert  T,  Schmaljohn  C,  Huggins  J.  A  mouse 
model  for  evaluation  of  prophylaxis  and  therapy  of  Ebola  hemorrhagic 
fever.  J  Infect  Dis  1999;179(Suppl.  l):S248-58. 

[49]  Bray  M.  The  role  of  the  Type  I  interferon  response  in  the  resis¬ 
tance  of  mice  to  filovirus  infection.  J  Gen  Virol  2001;82(Pt  6):  1365— 
73. 

[50]  Takada  A,  Feldmann  H,  Stroeher  U,  et  al.  Identification  of  pro¬ 
tective  epitopes  on  ebola  virus  glycoprotein  at  the  single  amino 
acid  level  by  using  recombinant  vesicular  stomatitis  viruses.  J  Virol 
2003  ;77(2):  1069-74. 

[51]  Rao  M,  Bray  M,  Alving  CR,  Jahrling  P,  Maty  as  GR.  Induc¬ 
tion  of  immune  responses  in  mice  and  monkeys  to  Ebola  virus 
after  immunization  with  liposome-encapsulated  irradiated  Ebola 
virus:  protection  in  mice  requires  CD4(+)  T  cells.  J  Virol 
2002;76(  1 8):9 176-85 . 

[52]  Bray  M,  Raymond  JL,  Geisbert  T,  Baker  RO.  3-deazaneplanocin 
A  induces  massively  increased  interferon-alpha  production  in  Ebola 
virus-infected  mice.  Antiviral  Res  2002;55(1):  15 1—9. 

[53]  Gupta  M,  Mahanty  S,  Bray  M,  Ahmed  R,  Rollin  PE.  Passive  transfer 
of  antibodies  protects  immunocompetent  and  imunodeficient  mice 
against  lethal  Ebola  virus  infection  without  complete  inhibition  of 
viral  replication.  J  Virol  2001;75(10):4649-54. 


D.S.  Reed,  M.  Mohamadzadeh  /  Vaccine  25  (2007)  1923-1934 


1933 


[54]  Wilson  JA,  Bray  M,  Bakken  R,  Hart  MK.  Vaccine  potential  of 
Ebola  virus  VP24,  VP30,  VP35,  and  VP40  proteins.  Virology 
2001  ;286(2):384-90. 

[55]  Warfield  KL,  Olinger  G,  Deal  EM,  et  al.  Induction  of  humoral  and 
CD8+  T  cell  responses  are  required  for  protection  against  lethal  Ebola 
virus  infection.  J  Immunol  2005;  175(2):  1 184-91. 

[56]  Warfield  KL,  Perkins  JG,  Swenson  DL,  et  al.  Role  of  natural  killer 
cells  in  innate  protection  against  lethal  ebola  virus  infection.  J  Exp 
Med  2004;200(2):  169-79. 

[57]  Warfield  KL,  Bosio  CM,  Welcher  BC,  et  al.  Ebola  virus-like  particles 
protect  from  lethal  Ebola  virus  infection.  Proc  Natl  Acad  Sci  USA 
2003 ;  1 00(26) :  1 5 8 89-94 . 

[58]  Olinger  GG,  Bailey  MA,  Dye  JM,  et  al.  Protective  cytotoxic  T-cell 
responses  induced  by  Venezuelan  equine  encephalitis  virus  replicons 
expressing  Ebola  virus  proteins.  J  Virol  2005;79(22):  141 89-96. 

[59]  Reed  DS,  in  preparation. 

[60]  Hevey  M,  Negley  D,  VanderZanden  L,  et  al.  Marburg  virus 
vaccines:  comparing  classical  and  new  approaches.  Vaccine 
2001;20(3-4):586-93. 

[61]  Bazhutin  NB,  Belanov  EF,  Spiridonov  VA,  et  al.  The  effect  of  the 
methods  for  producing  an  experimental  Marburg  virus  infection  on 
the  characteristics  of  the  course  of  the  disease  in  green  monkeys.  Vopr 
Virusol  1992;37(3):  153-6. 

[62]  Fisher-Hoch  SP,  Platt  GS,  Neild  GH,  et  al.  Pathophysiology  of  shock 
and  hemorrhage  in  a  fulminating  viral  infection  (Ebola).  J  Infect  Dis 
1985;152(5):887-94. 

[63]  Baskerville  A,  Bowen  ET,  Platt  GS,  McArdell  LB,  Simpson  DI.  The 
pathology  of  experimental  Ebola  virus  infection  in  monkeys.  J  Pathol 
1978;  125(3):  131—8. 

[64]  Bray  M,  Hatfill  S,  Hensley  L,  Huggins  JW.  Haematological,  bio¬ 
chemical  and  coagulation  changes  in  mice,  guinea-pigs  and  monkeys 
infected  with  a  mouse-adapted  variant  of  Ebola  Zaire  virus.  J  Comp 
Pathol  200 1 ;  1 25 (4) : 243-5 3 . 

[65]  Ryabchikova  El,  Kolesnikova  LV,  Luchko  SV.  An  analysis  of  features 
of  pathogenesis  in  two  animal  models  of  Ebola  virus  infection.  J  Infect 
Dis  1999;179(Suppl.  l):S199-202. 

[66]  Gonchar  NI,  Pshenichnov  VA,  Pokhodiaev  VA,  Lopatov  KL,  Firsova 
IV.  The  sensitivity  of  different  experimental  animals  to  the  Marburg 
virus.  Vopr  Virusol  1991;36(5):435-7. 

[67]  Dowell  SF,  Mukunu  R,  Ksiazek  TG,  Khan  AS,  Rollin  PE,  Peters  CJ. 
Transmission  of  Ebola  hemorrhagic  fever:  a  study  of  risk  factors  in 
family  members,  Kikwit,  Democratic  Republic  of  the  Congo,  1995. 
Commission  de  Lutte  contre  les  Epidemies  a  Kikwit.  J  Infect  Dis 
1999;179(Suppl.  1):S87-91. 

[68]  Miranda  ME,  Ksiazek  TG,  Retuya  TJ,  et  al.  Epidemiology  of 
Ebola  (subtype  Reston)  virus  in  the  Philippines,  1996.  J  Infect  Dis 
1999;179(Suppl.  l):S115-9. 

[69]  Frolov  VG,  Gusev  Iu  M.  Stability  of  Marburg  virus  to  lyophilization 
process  and  subsequent  storage  at  different  temperatures.  Vopr  Virusol 
1996;4 1(6): 275-7. 

[70]  Jaax  NK,  Davis  KJ,  Geisbert  TJ,  et  al.  Lethal  experimental  infec¬ 
tion  of  rhesus  monkeys  with  Ebola-Zaire  (Mayinga)  virus  by  the 
oral  and  conjunctival  route  of  exposure.  Arch  Pathol  Lab  Med 
1 996;  1 20(2):  140-55 . 

[71]  New  drug  and  biological  drug  products;  evidence  needed  to  demon¬ 
strate  effectiveness  of  new  drugs  when  human  efficacy  studies  are  not 
ethical  or  feasible.  Final  rule.  Fed  Regist  2002;67(105):37988-98. 

[72]  Bowen  ET,  Platt  GS,  Simpson  DI,  McArdell  LB,  Raymond  RT.  Ebola 
haemorrhagic  fever:  experimental  infection  of  monkeys.  Trans  R  Soc 
Trop  Med  Hyg  1 978 ;72(2):  188-91. 

[73]  Davis  NL,  Brown  KW,  Greenwald  GF,  Zajac  AJ,  Zacny  VL,  Smith  JF, 
et  al.  Attenuated  mutations  of  Venezuelan  equine  encephalitis  virus 
containing  lethal  mutations  in  the  PE2  cleavage  signal  combined  with 
a  second-site  suppressor  mutation  in  El.  Virology  1995;212:102- 
10. 

[74]  Ignat’ ev  GM,  Strel’tsova  MA,  Agafonov  AP,  Zhukova  NA,  Kashent- 
seva  EA,  Vorob’eva  MS.  The  immunity  indices  of  animals  immunized 


with  the  inactivated  Marburg  virus  after  infection  with  homologous 
virus.  Vopr  Virusol  1994;39(1):  13— 7. 

[75]  Ignatyev  GM,  Agafonov  AP,  Streltsova  MA,  Kashentseva  EA.  Inac¬ 
tivated  Marburg  virus  elicits  a  nonprotective  immune  response  in 
Rhesus  monkeys.  J  Biotechnol  1996;44(1— 3):  1 1 1—8. 

[76]  Chepurnov  AA,  Chuev  Iu  P,  P’lankov  OV,  Efimova  IV.  The  effect  of 
some  physical  and  chemical  factors  on  inactivation  of  the  Ebola  virus. 
Vopr  Virusol  1995;40(2):74-6. 

[77]  Geisbert  TW,  Pushko  P,  Anderson  K,  Smith  J,  Davis  KJ,  Jahrling  PB. 
Evaluation  in  nonhuman  primates  of  vaccines  against  Ebola  virus. 
Emerg  Infect  Dis  2002;8(5):503-7. 

[78]  Hevey  M,  Negley  D,  Geisbert  J,  Jahrling  P,  Schmaljohn  A.  Antigenic¬ 
ity  and  vaccine  potential  of  Marburg  virus  glycoprotein  expressed  by 
baculovirus  recombinants.  Virology  1997;239(1):206-16. 

[79]  Mellquist-Riemenschneider  JL,  Garrison  AR,  Geisbert  JB,  et  al. 
Comparison  of  the  protective  efficacy  of  DNA  and  baculovirus- 
derived  protein  vaccines  for  EBOLA  virus  in  guinea  pigs.  Virus  Res 
2003  ;92(2) :  1 87-93 . 

[80]  Riemenschneider  J,  Garrison  A,  Geisbert  J,  et  al.  Comparison  of  indi¬ 
vidual  and  combination  DNA  vaccines  for  B.  anthracis,  Ebola  virus, 
Marburg  virus  and  Venezuelan  equine  encephalitis  virus.  Vaccine 
2003  ;2 1  (25-26)  :407 1-80. 

[81]  Xu  L,  Sanchez  A,  Yang  Z,  et  al.  Immunization  for  Ebola  virus  infec¬ 
tion.  Nat  Med  1998;4(1):37^12. 

[82]  Vastag  B.  Ebola  vaccines  tested  in  humans,  monkeys.  JAMA 
2004 ;29 1  (5): 549-50. 

[83]  Davis  NL,  Grieder  FB,  Smith  JF,  et  al.  A  molecular  genetic  approach 
to  the  study  of  Venezuelan  equine  encephalitis  virus  pathogenesis. 
Arch  Virol  Suppl  1994;9:99-109. 

[84]  Williamson  C,  Morris  L,  Maughan  MF,  et  al.  Characterization  and 
selection  of  HIV- 1  subtype  C  isolates  for  use  in  vaccine  development. 
AIDS  Res  Hum  Retroviruses  2003;  19(2):  133^-4. 

[85]  McClain  DJ,  Pittman  PR,  Ramsburg  HH,  et  al.  Immunologic  inter¬ 
ference  from  sequential  administration  of  live  attenuated  alphavirus 
vaccines.  J  Infect  Dis  1998;177(3):634^J1. 

[86]  Sullivan  NJ,  Sanchez  A,  Rollin  PE,  Yang  ZY,  Nabel  GJ.  Development 
of  a  preventive  vaccine  for  Ebola  virus  infection  in  primates.  Nature 
2000 ;408 (6 8 1 2) : 605-9 . 

[87]  Sullivan  NJ,  Geisbert  TW,  Geisbert  JB,  et  al.  Accelerated  vaccination 
for  Ebola  virus  haemorrhagic  fever  in  non-human  primates.  Nature 
2003;424(6949):681^k 

[88]  Sullivan  NJ,  Geisbert  TW,  Geisbert  JB,  et  al.  Immune  protection  of 
nonhuman  primates  against  Ebola  virus  with  single  low-dose  aden¬ 
ovirus  vectors  encoding  modified  GPs.  PLoS  Med  2006;3(6):el77. 

[89]  Chirmule  N,  Propert  K,  Magosin  S,  Qian  Y,  Qian  R,  Wilson  J.  Immune 
responses  to  adenovirus  and  adeno-associated  virus  in  humans.  Gene 
Ther  1999;6(9):  1574-83. 

[90]  Kobinger  GP,  Feldmann  H,  Zhi  Y,  et  al.  Chimpanzee  ade¬ 
novirus  vaccine  protects  against  Zaire  Ebola  virus.  Virology 
2006;346(2):394^101. 

[91]  Barratt-Boyes  SM,  Soloff  AC,  Gao  W,  et  al.  Broad  cellular  immunity 
with  robust  memory  responses  to  simian  immunodeficiency  virus  fol¬ 
lowing  serial  vaccination  with  adenovirus  5-  and  35-based  vectors.  J 
Gen  Virol  2006;87(Pt  1):139^19. 

[92]  Appaiahgari  MB,  Saini  M,  Rauthan  M,  Jyoti,  Vrati  S.  Immu¬ 
nization  with  recombinant  adenovirus  synthesizing  the  secretory 
form  of  Japanese  encephalitis  virus  envelope  protein  protects 
adenovirus-exposed  mice  against  lethal  encephalitis.  Microbes  Infect 
2006;8(1):92-104. 

[93]  Yang  ZY,  Wyatt  LS,  Kong  WP,  Moodie  Z,  Moss  B,  Nabel  GJ.  Over¬ 
coming  immunity  to  a  viral  vaccine  by  DNA  priming  before  vector 
boosting.  J  Virol  2003;77(l):799-803. 

[94]  Roberts  DM,  Nanda  A,  Havenga  MJ,  et  al.  Hexon-chimaeric 
adenovirus  serotype  5  vectors  circumvent  pre-existing  anti-vector 
immunity.  Nature  2006;441(7090):239^3. 

[95]  Barouch  DH,  Pau  MG,  Custers  JH,  et  al.  Immunogenicity  of 
recombinant  adenovirus  serotype  35  vaccine  in  the  presence  of 


1934 


D.S.  Reed,  M.  Mohamadzadeh  /  Vaccine  25  (2007)  1923-1934 


pre-existing  anti-Ad5  immunity.  J  Immunol  2004;  172(1 0): 6290- 
7. 

[96]  Jones  SM,  Feldmann  H,  Stroher  U,  et  al.  Live  attenuated  recombi¬ 
nant  vaccine  protects  nonhuman  primates  against  Ebola  and  Marburg 
viruses.  Nat  Med  2005;ll(7):786-90. 

[97]  Daddario-DiCaprio  KM,  Geisbert  TW,  Stroher  U,  et  al.  Postexpo¬ 
sure  protection  against  Marburg  haemorrhagic  fever  with  recombinant 
vesicular  stomatitis  virus  vectors  in  non-human  primates:  an  efficacy 
assessment.  Lancet  2006;367(9520):  1399^104. 

[98]  Barrera  JC,  Letchworth  GJ.  Persistence  of  vesicular  stomati¬ 
tis  virus  New  Jersey  RNA  in  convalescent  hamsters.  Virology 
1996;219(2):453— 64. 

[99]  Letchworth  GJ,  Barrera  JC,  Fishel  JR,  Rodriguez  L.  Vesicular  stomati¬ 
tis  New  Jersey  virus  RNA  persists  in  cattle  following  convalescence. 
Virology  1996;219(2):480— 4. 

[100]  Bukreyev  A,  Yang  L,  Zaki  SR,  et  al.  A  single  intranasal  inoculation 
with  a  paramyxovirus-vectored  vaccine  protects  guinea  pigs  against 
a  lethal-dose  Ebola  virus  challenge.  J  Virol  2006;80(5):2267-79. 

[101]  Aman  MJ,  Bosio  CM,  Panchal  RG,  Burnett  JC,  Schmaljohn  A,  Bavari 
S.  Molecular  mechanisms  of  filovirus  cellular  trafficking.  Microbes 
Infect  2003  ;5(7): 639^-9. 

[102]  Bosio  CM,  Moore  BD,  Warfield  KL,  et  al.  Ebola  and  Marburg 
virus-like  particles  activate  human  myeloid  dendritic  cells.  Virology 
2004;326(2):280-7. 

[103]  Warfield  KL,  Swenson  DL,  Negley  DL,  Schmaljohn  AL,  Aman  MJ, 
Bavari  S.  Marburg  virus-like  particles  protect  guinea  pigs  from  lethal 
Marburg  virus  infection.  Vaccine  2004;22(25-26): 3495-502. 

[104]  Gardner  MB.  SIV  infection  of  macaques:  a  model  for  AIDS  vaccine 
development.  Dev  Biol  Stand  1990;72:259-66. 

[105]  Norley  SG.  SIVagm  infection  of  its  natural  African  green  monkey 
host.  Immunol  Lett  1996;5 1(1 — 2):53— 8. 

[106]  Shearer  MH,  Dark  RD,  Chodosh  J,  Kennedy  RC.  Comparison  and 
characterization  of  immunoglobulin  G  subclasses  among  primate 
species.  Clin  Diagn  Lab  Immunol  1999;6(6):953-8. 

[107]  Yoshino  N,  Ami  Y,  Terao  K,  Tashiro  F,  Honda  M.  Upgrading  of  flow 
cytometric  analysis  for  absolute  counts,  cytokines  and  other  antigenic 
molecules  of  cynomolgus  monkeys  (Macaca  fascicularis)  by  using 
anti-human  cross-reactive  antibodies.  Exp  Anim  2000;49(2):97-l  10. 


[108]  Carter  DL,  Shieh  TM,  Blosser  RL,  et  al.  CD56  identifies  mono¬ 
cytes  and  not  natural  killer  cells  in  rhesus  macaques.  Cytometry 
1999;37(1):41— 50. 

[109]  Murayama  Y,  Amano  A,  Mukai  R,  et  al.  CD4  and  CD8  expres¬ 
sions  in  African  green  monkey  helper  T  lymphocytes:  implication 
for  resistance  to  SIV  infection.  Int  Immunol  1 997 ;9(6) :  843—5 1 . 

[110]  Rappocciolo  G,  Allan  JS,  Eichberg  JW,  Chanh  TC.  A  comparative 
study  of  natural  killer  cell  activity,  lymphoproliferation,  and  cell  phe¬ 
notypes  in  nonhuman  primates.  Vet  Pathol  1992;29(1):53— 9. 

[111]  Mupapa  K,  Massamba  M,  Kibadi  K,  et  al.  Treatment  of  Ebola  hem¬ 
orrhagic  fever  with  blood  transfusions  from  convalescent  patients. 
International  Scientific  and  Technical  Committee.  J  Infect  Dis 
1999;179(Suppl.  l):S18-23. 

[112]  Maruyama  T,  Rodriguez  LL,  Jahrling  PB,  et  al.  Ebola  virus  can  be 
effectively  neutralized  by  antibody  produced  in  natural  human  infec¬ 
tion.  J  Virol  1999;73(7):6024-30. 

[113]  Parren  PW,  Geisbert  TW,  Maruyama  T,  Jahrling  PB,  Burton  DR.  Pre- 
and  postexposure  prophylaxis  of  Ebola  virus  infection  in  an  animal 
model  by  passive  transfer  of  a  neutralizing  human  antibody.  J  Virol 
2002;76(12):6408-12. 

[114]  Jahrling  PB,  Geisbert  J,  Swearengen  JR,  et  al.  Passive  immunization 
of  Ebola  virus-infected  cynomolgus  monkeys  with  immunoglobulin 
from  hyperimmune  horses.  Arch  Virol  Suppl  1996;  11:1 35—40. 

[115]  Takada  A,  Watanabe  S,  Okazaki  K,  Kida  H,  Kawaoka  Y. 
Infectivity-enhancing  antibodies  to  Ebola  virus  glycoprotein.  J  Virol 
2001  ;75(5):2324-30. 

[116]  Geisbert  TW,  Hensley  LE,  Geisbert  JB,  Jahrling  PB .  Evidence  against 
an  important  role  for  infectivity-enhancing  antibodies  in  Ebola  virus 
infections.  Virology  2002;293(l):15-9. 

[117]  Crotty  S,  Aubert  RD,  Glidewell  J,  Ahmed  R.  Tracking  human  antigen- 
specific  memory  B  cells:  a  sensitive  and  generalized  ELISPOT 
system.  J  Immunol  Methods  2004;286(1-2):1 1 1-22. 

[118]  Lupton  HW,  Lambert  RD,  Bumgardner  DL,  Moe  JB,  Eddy  GA.  Inac¬ 
tivated  vaccine  for  Ebola  virus  efficacious  in  guineapig  model.  Lancet 
1 980;2(8207):  1 294—5 . 

[119]  Vanderzanden  L,  Bray  M,  Fuller  D,  et  al.  DNA  vaccines  expressing 
either  the  GP  or  NP  genes  of  Ebola  virus  protect  mice  from  lethal 
challenge.  Virology  1998;246(1):  134^-4. 


